Objective: To investigate the immediate and short term impact of right coronary artery (RCA) chronic total coronary occlusion (CTO) percutaneous coronary intervention (PCI) upon collateral donor vessel fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR).
| I N TR ODU C TI ON
Approximately one in four patients with obstructive coronary artery disease undergoing coronary angiography have at least one chronic total coronary occlusion (CTO) [1] . In the presence of angiographically intermediate lesions in non-CTO arteries, decisions regarding revascularization strategy are challenging.
To aid decision making, pressure-derived estimations of coronary flow such as adenosine fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR) have been devised and tested in patients with coronary disease [2] . However, in the presence of a CTO, the accuracy of FFR has been challenged, and the validity of iFR remains uncertain.
A recent study of patients with both left and right coronary CTOs demonstrated a modest but significant increase in FFR in the donor coronary artery collateralising the CTO territory [3] , suggesting that physiological assessments of lesions in the presence of a CTO should be deferred until the CTO vessel has been treated. Physiologically, this finding is unsurprising given the reduction in myocardium supplied by the donor vessel, once the collateral vessels have regressed following CTO recanalization. Despite the aforementioned study, uncertainties remain. Firstly, how long after successful CTO treatment one has to wait before a stable and accurate pressure wire assessment of the non-CTO donor arteries can be made remains unknown. Studies have shown that full collateral regression does not occur immediately following successful CTO revascularization raising the possibility that pressure wire measurements should be deferred to beyond the index CTO procedure. Secondly, the validity of iFR in the setting of CTO is unknown.
The aim of this study was to assess the impact of CTO percutaneous coronary intervention (PCI) upon donor vessel FFR and iFR pre, immediately post-CTO PCI and at 4 month follow-up. To ensure the study was as clinically relevant as possible, we elected to enrol patients with a CTO of the right coronary artery (RCA) and varying degrees of left coronary stenosis. The RCA is the most likely vessel to be treated percutaneously for CTO [1] , but in the presence of intermediate lesions in the left coronary artery, particularly in the LAD, pressure wire indices are commonly used to determine whether patients should be offered PCI or surgical revascularization.
| M A TE RI A L S A ND M E TH ODS

| Study patients
Forty consecutive patients scheduled for RCA CTO PCI with symptomatic stable angina were recruited in a tertiary cardiac center with a dedicated CTO program from October 2015 to November 2016. All patients had an RCA total occlusion with duration 3 months, evidence of viability and/or ischemia in the CTO territory as shown by noninvasive cardiac imaging and spontaneously visible collaterals from a contralateral donor artery. Patients with previous CABG, > 1 CTO and significant LMS disease were excluded. The study was approved by the local ethics committee (15/EE/0269) and all patients provided written informed consent prior to the procedure.
| CTO PCI
PCI to RCA CTO was performed with contemporary interventional techniques. Recanalization strategy was at the operator's discretion, following the hybrid algorithm [4] . A procedure was considered successful when achieving TIMI flow grade 3 with <30% angiographic residual stenosis in the CTO vessel. All patients received drugeluting stents (Ultimaster DES, Terumo Corp, Japan) and were discharged on dual antiplatelet therapy with duration of at least one year. during maximum hyperaemia [5] . Once a guidewire had been successfully placed within the true lumen distal to the occlusion, and without restoring the antegrade flow, an over-the-wire microcatheter was advanced distal to the occlusion. The guidewire was exchanged with a pressure wire positioned distal to the occluded segment in a relatively disease-free area to measure FFR coll . Where CTO vessels were recanalized using a retrograde approach, the pres- 
| Study protocol and coronary physiology measurements
| Statistical analysis
Continuous variables are presented as mean 6 standard deviation. Categorical variables are expressed as frequency and proportion. The paired t-test was used for the primary analysis to compare pre-and post-CTO PCI and pre and follow up physiological measurements. Scatter plots and Pearson's correlation coefficients or Spearman's correlation coefficients were used to assess the relationship between variables as appropriate. Sensitivity, specificity, and area under the curve were defined from the operator receiver characteristic curve.
The diagnostic accuracy of iFR was defined as the proportion of correctly classified lesion against FFR. The level of statistical significance was set at P 5 0.05 with two tails. Statistical analysis was carried out using SPSS 20 software (SPSS, Chicago, IL).
| RE S U L TS
Forty consecutive patients were recruited and 34 of them had successful RCA CTO PCI (85% success). Baseline demographics, angiographic and procedural details are outlined in (Table 1) . Overall, the mean age was 62 6 10 years old and 88% of the patients were male. Average LVEF was 51% and area of ischemia measured by CMR was 13.6 6 5%. LAD was the predominant donor in 88% of the cases with a mean maximum stenosis of 41 6 12.6%. Table 2 ).
| Physiological indices at follow-up
Twenty-eight out of 34 patients completed follow-up measurements at 
| Regression of collateral vessels
During the index procedure, we measured FFR collateral in 31 out of 34 patients. Mean FFR collateral was 0.31 6 0.10 prior to CTO PCI and did not change significantly immediately after the procedure (0.34 6 0.10, P 5 0.078). At 4 months follow-up, complete angiographic collateral regression was observed in 23 patients out of 28 patients. The mean FFR collateral measured during balloon occlusion in RCA was 0.18 6 0.07, demonstrating a significant decrease compared with the index procedure (P < 0.0001), confirming delayed collateral regression ( Figure 5 ).
| Correlations of changes in physiological indices
There was no relationship demonstrated between the changes in the physiological indices (FFR and iFR) pre-and post-CTO PCI with the severity of donor vessel DS, pre-PCI CTO FFR collateral, change in FFR coll or percentage ischemia in RCA territory measured by CMR (Supporting Information Table SIII) . At follow-up, there was a statistically significant correlation between the changes in iFR with donor vessel stenosis measured by QCA, and between the change in FFR with the change in overall CC grading and the predominant CC grading compared with baseline ( Figure 6 ).
| D ISC USSION
In this study, we evaluated the impact of RCA CTO PCI on collateral donor vessel FFR and iFR measurements. This is the first study to report follow up measurements at a time point distant to the index CTO procedure (4 months), and real-time iFR readings pre, post, and 4 months following CTO revascularization. Our main findings were as follows:
1. Percutaneous revascularization of an RCA CTO led to a significant increase in predominant donor vessel FFR and iFR.
2. FFR did not change immediately post-CTO PCI, but had a significant increase at 4-month follow-up. In contrast, iFR showed a significant increase immediately post PCI with a further increase at follow up.
3. The FFR coll remained unchanged immediately post-PCI, but decreased significantly at follow-up.
4. At four months in the predominant donor, 18% of the cases for FFR and 25% for iFR were reclassified from ischemic to nonischemic, changing interventional strategy from PCI to defer.
In the presence of a CTO, coronary arteries providing collateral vessels supply not only their own myocardial territory, but also the territory of the chronically occluded vessel. FFR is dependent on the amount of tissue perfused [6] . Accordingly, recanalization of a CTO is expected to unchanged immediately [15] and for at least 24 hr post-PCI [16] . Furthermore, animal models suggest that the collateral circulation does not diminish for several weeks after recanalization [17] . The high degree of anatomical variance may explain the reported difference in collateral regression; a recent study identified 45 different patterns of coronary connections [18] . In patients with an RCA CTO, 19.3% have bridging collaterals, and 14.5% have epicardial collaterals from the LAD [18] .
Compared with septal collaterals, bridging, and epicardial collaterals are generally larger and are much less likely to regress immediately on reestablishment of antegrade RCA flow and at follow-up due to its larger diameter [13] . In our study, which included only RCA CTOs, In contrast to FFR, iFR in the predominant donor vessel showed a significant increase immediately post-PCI and a further increase at follow-up. Without measurements of coronary flow and microvascular resistance, the explanation of this difference can only be speculative, but again the physiology of collateral regression probably plays a major role. In our study, angiographic visualization post PCI showed an immediate reduction in collaterals (Table 1) . Only when adenosine was used for FFR coll , was the maintained functional capacity of collaterals revealed. Potentially collaterals were recruited by the vasodilatory effect of adenosine [19] in the case of FFR, but not during the measurements of the resting index iFR.
In our study, the increase for both indices from baseline to fol- . This is similar to what has been observed previously [2] . In the cases where there is discordance between the two indices, one can only speculate as to which method correctly identifies the ischemia. By comparing the two indices to a gold standard such as cardiac MRI in this subset of CTO patients, one may be able to prove which is more accurate.
We did not find statistically significant relationships between the change in FFR or iFR in the predominant donor vessel pre and post CTO-PCI with donor vessel diameter stenosis, FFR collateral or percentage of ischemia in RCA territory on CMR. Our sample size was probably too small to detect any significant relationship between these indices and a larger sample size including LAD CTOs may potentially be able to reveal associations. Overall disease severity in the predominant donor vessel was low as the mean maximum stenosis was 41 6 12%.
The mean percentage of ischemia as measured with CMR was 14%. It is possible a higher ischemic burden would have provided a significant correlation.
Although the severity of disease in the predominant donor vessel was moderate, FFR and iFR were around the ischemic threshold even at follow up. However, it is important to note that the LAD was the predominant donor vessel in 88% of the cases, 56% of the predominant donor vessels had diffuse disease, and the pressure wire was placed at the distal segment of the vessel as per protocol. It is recognized that in the LAD even mild stenosis can lead to ischemic physiological indices, especially in the presence of long or diffuse disease [20] . Our study is single center, involving a small number of patients. The study is limited to RCA CTOs. The myocardial mass supplied by the LAD is much greater, so the physiological changes in donor and collateral vessels supplying an LAD CTO might be bigger. The mean followup in our study was medium-term at 4 months so these collaterals may further regress and influence the coronary pressure-derived measurements if they were measured at a later stage. Nevertheless, mediumterm follow-up limits the possibilities for significant disease progression in the donor vessels. Finally, the exact location of the pressure wire sensor is critical to make serial comparisons of the coronary physiological measurements and despite special care taken to measure at identical points during the post-PCI and follow-up studies, inaccuracy may have occurred during these measurements. However, as the observation of improvement is in all indices with concomitant reduction of collateral function, the observed changes can be considered genuine.
| C ONC LUSI ON
Successful recanalization of an RCA CTO led to an improvement in predominant donor vessel FFR and iFR at 4-month follow-up with a concomitant reduction in collateral function. In the case of iFR, there was a significant increase immediately post CTO PCI.
Interventional cardiologists need to be mindful when making revascularization decisions in a donor artery in the presence of a CTO, particularly if the FFR and/or iFR are close to the ischemic cut points.
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